An odor-stimulated adenylate cyclase [ATP pyrophosphate-lyase (cyclizing), EC 4.6.1.1] is thought to mediate olfactory transduction in vertebrates. However, it is not known whether the adenylate cyclase serves this function for all odorants or for only certain classes of odorants. To investigate this question, we have compared the abilities of 35 odorants to stimulate the adenylate cyclase and to elicit an electrophysiological response. We report a strong positive correlation between the magnitude of adenylate cyclase stimulation and the summated electrical response of the olfactory epithelium (electro-olfactogram) evoked by individual odorants. We also show that the adenylate cyclase stimulator forskolin equally attenuates the electro-olfactogram response for all odorants tested. These data provide evidence that the adenylate cyclase mediates transduction for a wide variety of odorants.
Olfactory receptor cells respond to odors by an increase in membrane conductance, leading to membrane depolarization and the generation of action potentials (reviewed in refs. 1 and 2). The mechanism(s) by which odors regulate the membrane conductance is not known with certainty; however, a considerable body of evidence indicates that cyclic AMP serves as an intracellular messenger in this process. For example, olfactory cilia contain an odor-stimulated adenylate cyclase (3) (4) (5) . In addition, we have described a cyclic nucleotide-gated conductance that could translate the odorinduced rise in cyclic AMP concentration into a conductance increase (6) . The involvement of the cyclic AMP pathway is further suggested by the effects of pharmacological agents on the electrical responses to odors, measured with transepithelial voltage and current-recordings (7) (8) (9) .
A key question concerning the cyclic AMP mechanism is whether it mediates transduction for all odorants or only certain classes of odorants. We have addressed this question by comparing the abilities of different odorants, at a fixed concentration, to stimulate adenylate cyclase and to elicit an electrophysiological response. For the adenylate cyclase measurements we used data published by Sklar et al. (4) , who used cilia purified from the bullfrog olfactory epithelium. For the electrophysiological measurements, we recorded, also in the bullfrog, the transepithelial voltage response to odorants [the electro-olfactogram, or EOG (10) ]. The EOG is an extracellular field potential produced by the odor-induced generator currents in the olfactory receptor neurons (1, 11, 12) . Because both the adenylate cyclase and the EOG measurements summate the activity of receptor neurons throughout the olfactory epithelium, we would expect a positive correlation between the magnitudes of adenylate cyclase stimulation and the EOG for all odorants that are detected via the adenylate cyclase pathway. We Odorant stimulation was performed by switching a calibrated volume of the odorant, dissolved in Ringer's solution, into the superfusion line. All odorants were applied at a concentration of 100 gM to mimic as closely as possible the conditions used in the adenylate cyclase assay (4) . The use of aqueous stimulation and superfusion offers several advantages over vapor-phase stimulation: (i) pharmacological agents, such as forskolin, may be introduced without altering the thickness of the aqueous layer overlying the epithelium; (ii) the odorant concentration in the aqueous layer is obtained directly, without reference to air/water partition coefficient data; and (iii) the increased thickness of the aqueous layer will improve spatial summation of the EOG by reducing the tangential resistance of the aqueous layer. [Describing the epithelium as a resistive sheet with transverse resistance of 100 ohm cm2 (9) , in contact with the mucus layer, a sheet of resistivity 100 ohm-cm and 30 jm in thickness, we estimate the length constant for passive spread offield potentials to be 500 gm, which will be increased about 5-fold by the aqueous layer in our recording chamber.] The stimulus volume was 80 gl and the flow rate was 2.0 ml/min, so the stimulus duration was -2.4 s. Odorant solutions were prepared at 100 ,uM by two 10-fold dilutions into Ringer's solution of a stock 10 mM odorant/water mixture. Stimuli were injected into an 80-ju loop of Teflon tubing and switched into the flow by a six-port sampling valve. Ag/AgCl electrodes were placed in contact with the bottom of the chamber (reference) and with the superfusing solution downstream from the chamber (recording). The output was amplified and low-pass-filtered (8-pole Bessel; corner frequency = 40 Hz).
An additional three-port valve was placed upstream of the sampling valve to allow the superfusing solution to be switched to one containing forskolin. Ringer's solution with forskolin was made by dilution of a 20 mM forskolin stock in ethanol, giving a final ethanol concentration of 0.86 mM. Switching to 0.86 mM ethanol alone gave a small transient negative shift in transepithelial potential (magnitude ca. 25% of the maintained forskolin-induced shift), followed by slow recovery to baseline, and only a slight attenuation (6%) of subsequent odorant responses with no change in the shape of the response. To minimize exposure to forskolin, stimuli were applied within 10 s after the attainment of the new baseline voltage or, in the case of drift, after the attainment of a constant slope. Washout with Ringer's solution was initiated ca. 2 min after stimulation, and a slow exponential decay (time constant of 1.6 min at 22°C) back to the original baseline followed. We used only preparations in which responses to the odorant 2-hexylpyridine at 100 ,uM, either measured directly or estimated from the responses to other odorants (see below), exceeded 2.5 mV. Smaller amplitudes were correlated with a larger amount of scatter in the data.
The observed EOG responses were =8 s in duration at one-half peak amplitude. The interstimulus interval was 5-10 min and was long enough to ensure that each response was not diminished by desensitization caused by the preceding stimulus. All EOG responses were negative in polarity (apical with respect to basal surface of the epithelium), with amplitudes as large as 6 mV [mean = 2.8 mV for 21 Table 1 ). The 35 odorants chosen represented the full range of adenylate cyclase stimulation observed in ref. 4 , as well as all of the odor qualities tested-i.e., fruity, floral, minty, herbaceous, putrid, and solvent.
To further test the role of adenylate cyclase in olfactory transduction, we investigated the effect of forskolin on the EOG responses to 16 odorants. As explained above, forskolin should decrease the amplitudes of all odor responses that are mediated via the adenylate cyclase pathway. Fig. 3 Upper shows the protocol for this experiment. First, an odor response was measured in control Ringer's solution (arrow, trace a), and then the superfusate was switched to Ringer's solution containing 1 ,uM forskolin. Forskolin induced a stable shift in potential, which presumably reflected a maintained increase in cyclic AMP concentration. For trace b, this protocol was repeated, and a second odor stimulus was given after a steady forskolin effect was obtained (second arrow). The odor response in the presence of forskolin, measured relative to the elevated baseline, was reduced in amplitude and slower in time-course. As expected, the degree of attenuation increased monotonically with forskolin concentration, with complete abolition of the odor response occurring by about 10 A&M (data not shown). The effect of forskolin appears to reflect specific activation of adenylate cyclase, because the inactive derivative 1,9-dideoxyforskolin had no effect either on the EOG baseline or on the response amplitude or time course at 1 ,uM (data not shown).
The attenuation ofthe peak response amplitude induced by 1 ,uM forskolin was measured for 16 odorants and was plotted as a function of the normalized EOG amplitude for each odorant (Fig. 3 Lower) . The odorants chosen represent the full range of normalized EOG amplitudes and, therefore, the magnitude of adenylate cyclase stimulation. The forskolin concentration of 1 ,uM was chosen because it produced moderate attenuation that could be reliably measured, even for odorants with small control amplitudes. There are no significant deviations by individual odorants from the mean attenuation (0.33), and there is no significant correlation between the normalized EOG response and the magnitude of forskolin-induced attenuation for each odorant; i.e., forskolin equally attenuates the responses to all odorants tested. The same result was obtained when we measured the effect of 1 ,uM forskolin on the initial rate of rise of the odor response. The initial rate of rise is perhaps a more direct measurement of the output of the transduction process, since the peak response amplitude may be a function of both the rising and falling phases of the odor response.
Two odorants, isobutyric acid and isovaleric acid, could not be included in evaluating the correlation between the EOG and adenylate cyclase because the normalized EOG amplitudes for these odorants were highly variable, occasionally increasing from less than 0.1 to as much as 0.5 during a single experiment. The largest normalized EOG values would constitute a significant deviation from the EOGadenylate cyclase correlation, because of the small magnitude of their adenylate cyclase stimulation (4). Isobutyric acid and isovaleric acid also differed from the other odorants in terms of their forskolin effects; although both odorants exhibited the same attenuation of initial response slope and peak response amplitude as did the other odorants (Table 2) , their response duration was not prolonged by forskolin, as Table 2 ).
was observed for the other odorants (for example, in Fig. 3 the duration at half-maximal amplitude of the response to 2-hexylpyridine was increased from 5.8 s to 55 s). Thus, it (7) 0.14 ± 0.11 (2) 0.30 ± 0.16 (5) 0.43 ± 0.16 (6) 0.54 ± 0.18 (5) 0.30 ± 0.13 (7) Data are expressed as the mean ± SD (number of measurements) of the ratio of the amplitude ofthe response to each odorant recorded during superfusion with 1 yM forskolin to that immediately preceding superfusion with the drug and are plotted against the normalized EOG amplitude in Fig. 3 Lower (except for isobutyric acid and isovaleric acid, for which accurate normalized EOG amplitudes could not be determined; see text).
appears that in some respects, isobutyric acid and isovaleric acid differ from the other odorants tested, although our data do not rule out the possibility that these two odorants are transduced via the adenylate cyclase pathway.
DISCUSSION
A unique problem posed by the olfactory system is to understand how it detects and distinguishes between the enormous variety of odorous compounds. It has often been suggested that multiple transduction mechanisms are needed to accomplish this. Consequently, a key issue concerning the cyclic AMP mechanism is whether it mediates transduction for all odorants or only for certain classes of odorants. We have investigated this question by studying the EOG because, by virtue of being a summated response, the EOG provides information about all classes of receptor cells. Consequently, the EOG provides the most suitable electrophysiological measurement for investigating the generality of olfactory transduction mechanisms. Also, by virtue of being a summated response, the EOG is analogous to biochemical measurements, such as the adenylate cyclase assay, allowing a direct comparison between electrophysiological and biochemical data.
The generality of the adenylate cyclase mechanism was first investigated by Sklar et al. (4), who measured the abilities of 65 different odorants to stimulate the adenylate cyclase. They found that the magnitude of adenylate cyclase stimulation elicited by individual odorants, all applied at the same concentration, varied from a maximum of 1.6 times basal activity to a level indistinguishable from basal activity.t Because many of the odorants tested failed to elicit significant stimulation, they suggested that the adenylate cyclase pathway does not mediate transduction for all odorants (4). However, the variations in adenylate cyclase activity actually support the involvement of this enzyme in mediating transduction for a wide variety of odorants, because of the direct correlation between cyclase activity and the EOG. Consequently, these variations may reflect differences in the numbers of receptor cells that respond to each odorant, rather than the existence of other transduction mechanisms. This interpretation predicts that, in the bullfrog, receptor cells that respond to many putrid odorants (e.g., pyrrolidine) and organic solvents (e.g., toluene) are 10-to 20-fold less abundant than receptors that respond to many floral and fruity odorants (e.g., geraniol and citralva). This interpretation also predicts that, with improved techniques, adenylate cyclase stimulation should be detectable for the odorants that failed to evoke significant stimulation. These conclusions may also apply to mammals, because the rat adenylate cyclase exhibits an odorant sensitivity profile similar to that of the bullfrog (21) .
The equal attenuation of all EOG responses by forskolin is also consistent with the adenylate cyclase mediating transduction for all odorants tested. The complete absence of an odor response in the presence of high concentrations of forskolin might itself be interpreted as evidence against the existence of other transduction mechanisms. However, this is not necessarily the case, because the high ciliary conductance induced by high concentrations of forskolin should mask, by passive shunting, all other odor-regulated currents. Nevertheless, the forskolin data do indicate that all cells which respond to the odorants tested contain both a forskolin-sensitive adenylate cyclase and a cyclic nucleotidetThe 1.6-fold increase in adenylate cyclase activity observed in ciliary preparations must underestimate the magnitude of the increase in individual cells, since the basal ciliary activity is contributed by all cells, whereas the odor-stimulated activity must come from only a subset of receptor cells (17). regulated conductance. The correlation between adenylate cyclase stimulation and the EOG indicates that if other mechanisms, such as odor-stimulated phospholipase C activity (18) , contribute to olfactory transduction, they must make a similar contribution to the responses to all odorants, rather than augmenting or replacing the adenylate cyclase pathway for only certain classes of odorants.
The attenuation of the EOG by forskolin that we have described may seem to contradict a recent report (9) that forskolin enhances EOG responses measured under transepithelial voltage clamp. However, in that study, enhancement of the EOG by forskolin was observed only after forskolin had been washed out and the EOG baseline had returned to its pretreatment level. This after-effect of forskolin is more difficult to interpret than the immediate effect we have studied, so we believe our data provide a more critical test of the role of adenylate cyclase in olfactory transduction. Another limitation of earlier pharmacological studies is that, for most ofthe agents used, it was not possible to unambiguously predict the effects of the agents on EOG amplitude. For example, phosphodiesterase inhibitors, used in refs. 7 and 8, could either increase or decrease EOG amplitude, depending on whether their dominant effect is to increase the basal cyclic AMP concentration or to enhance the odor-induced increment in cyclic AMP concentration. Thus, although the observation that phosphodiesterase inhibitors reduce EOG amplitude (7, 8) suggests the involvement of cyclic AMP in olfactory transduction, it fails to specify the nature of that involvement. In contrast, our study focused on an agent that makes an unambiguous and testable prediction, and included a variety of odorants, thus demonstrating the generality of the effects observed.
The overall conclusion of our study is that the adenylate cyclase pathway mediates, or makes an equal contribution to mediating, olfactory transduction for a wide variety of odorants. This is in contrast to taste receptor cells, which appear to utilize different transduction mechanisms for different taste qualities (19, 20) . Consequently, our data support the view that olfactory receptor cells derive their odorant specificities from a family of receptor proteins (1), all of which initiate an electrical response via activation of the adenylate cyclase and subsequent opening of cyclic nucleotide-gated ion channels.
